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Nanoindentation is a popular experimental technique for characterization of the mechanical
properties of soft and biological materials. With its force resolution of tens of pico-Newtons, the
atomic force microscope (AFM) is well-suited for performing indentation experiments on soft
materials. However, nonlinear contact and adhesion complicate such experiments. This paper
critically examines the application of the Johnson-Kendall-Roberts (JKR) adhesion model to
nanoindentation data collected with an AFM. The use of a nonlinear least-square error-ﬁtting
algorithm to calculate reduced modulus from the nanoindentation data using the JKR model is
discussed. It is found that the JKR model ﬁts the data during loading but does not ﬁt the data during
unloading. A fracture stability analysis shows that the JKR model does not ﬁt the data collected
during unloading because of the increased stability provided by the AFM cantilever.
I. INTRODUCTION
In recent years, the importance of the mechanical
characterization of biological materials has become evident
in the ﬁeld of mechanobiology, ranging from the diagnosis
of diseases like cancer1 and malaria2 to the understanding
of mechanisms in cell biology such as cell growth3 and
locomotion.4,5 Biological materials are commonly soft and
inhomogeneous in nature, which can make them difﬁcult to
characterize using traditional mechanical experiments.
Additionally, biological specimens such as thin protein
ﬁlms and cells often have small sizes or volumes. When
mechanical properties of such biological specimens are of
interest, nanoindentation provides a means to characterize
themechanical behavior of these specimens. Several studies
have been performed detailing the use of a commercial
nanoindenter to mechanically characterize biological speci-
mens such as skin6 and cartilage.7
An alternative instrument to the nanoindenter is the
atomic force microscope (AFM), and a nanoindentation
experiment with an AFM is shown in Fig. 1(a). The AFM
offers several advantages over the nanoindenter: it is a
more common instrument; use of different types of canti-
levers gives the AFM more ﬂexibility in indenter shape,
size, and surface functionalization; and most commercial
AFMs come with a ﬂuid cell for experiments with hy-
drated specimens. Possibly the biggest advantage of the
AFM is that unlike a nanoindenter, the AFM does not
require a load cell to measure the indentation load. Instead,
the indentation force is measured in an AFM by multiply-
ing the measured deﬂection of the cantilever with the
cantilever’s stiffness. Compared to the nanoindenter, which
has a resolution of approximately 100 nN, the AFM can
measure forces in the range of pico-Newtons to hundreds of
micro-Newtons by simply changing the stiffness of the
cantilever. The superior force resolution of the AFM makes
it particularly suitable for nanoindentation of soft biological
materials, including cells.8
Despite these advantages of the AFM, several difﬁcul-
ties have prevented the AFM from gaining widespread
use for nanoindentation experiments on soft materials.
Because the indentation load is measured by the deﬂection
of the AFM cantilever, the spring stiffness of the cantilever
must be accurately known. Fortunately, methods for de-
termining the spring stiffness of an AFM cantilever such
as the thermal tune method9 are now incorporated into
the software of modern AFMs. Additionally, an unknown
tip geometry and size can require using electron micros-
copy10 or blind tip deconvolution11 to properly compute the
elastic properties of soft materials. This problem can be
solved by attaching spherical particles of known radius to
the AFM cantilevers.
Compared with the solutions to some problems associ-
ated with using the AFM for nanoindentation, the effects
of adhesion introduce more difﬁcult challenges when
indenting soft materials. In addition to surface forces,
longer range attractive forces such as van der Waals and
electrostatic forces can mask the onset of contact between
the AFM probe and the specimen, which creates unce-
rtainty in the location of the contact point. Several studies
have shown that contact point uncertainty can cause
signiﬁcant error in the calculation of the specimen’s
modulus on both soft12–15 and hard16,17 materials, and these
studies have accounted for this uncertainty by shifting the
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measured indentation depth data by some constant. How-
ever, no standardized method of shifting the data has been
adopted. Additionally, the energy release rate changes
during a macroscale adhesion experiment on soft materi-
als,18,19 so it is unlikely that the energy release rate stays
constant during AFM nanoindentation. Furthermore, it has
been shown that energy release rate can be dependent on
rate.20 Because of the nonlinear geometry involved in the
contact of the AFM tip to a ﬂat surface, it is unlikely that
the rate of growth of contact remains constant during the
experiment, which could introduce ﬂuctuations in the
energy release rate. As a result of some of these difﬁculties,
many previous nanoindentation studies on soft materials
have ignored the effects of adhesion, assuming them to be
minimal.12,15
The objective of this paper is to properly account for
adhesion in a nanoindentation experiment with an AFM
on soft materials by applying the well-known Johnson-
Kendall-Roberts (JKR) model.21 The reduced modulus E*
of the material is computed and compared with the
modulus measured using a uniaxial tension experiment.
The methodology is illustrated through experiments using
a spherical indenter mounted on an AFM cantilever and a
polydimethylsiloxane (PDMS) specimen. The JKR mod-
el’s assumption of a constant work of adhesion is then
discussed in relation to data collected during nanoinden-
tation with AFM. Finally, a fracture stability analysis is
employed to explain the reason for a mismatch between
the JKRmodel and the data collected during the unloading
phase of the nanoindentation experiments.
II. THEORY
The problem of contact between two linear, elastic
spheres was initially studied by Hertz, who assumed no
surface or shearing forces and small displacements.22
This theory can be extended to a spherical indenter and
a linear, elastic half space. The analysis shows that for
a contact radius a that is much smaller than the indenter
radius R, the indentation depth h is given by
h ¼ a
2
R
: ð1Þ
The indentation force P can be shown to be related to
the contact radius by the equation
P ¼ 4a
3E
3R
; ð2Þ
where E* is the reducedmodulus of the specimen, which is
given by E*5 E/(1  m2) when the indenter’s modulus is
much greater than the specimen’s modulus with E equal to
Young’s modulus and m equal to Poisson’s ratio.
For the adhesion of soft materials, the famous JKR
theory, which considers attractive forces within the
contact area caused by surface energy,21 can be combined
with the Hertz model. The surface energy associated with
adhesion has the effect of increasing the radius of contact
and the indentation depth. Applying the JKR model gives
a new equation for the indentation depth:
h ¼ a
2
3R
þ P
2aE
: ð3Þ
One can show that the energy release rate G is
given by23
G ¼
4Ea3
3R  P
 2
8pEa3
: ð4Þ
For systems in equilibrium, the energy release rate G is
equal to the work of adhesion w. One can show that the
contact radius is related to the applied load by23
FIG. 1. (a) Schematic of the nanoindentation experiment with an atomic force microscope (AFM). The polydimethylsiloxane (PDMS) sample
deforms as the AFM scanner moves it upward toward the 5-lm glass bead attached to the AFM cantilever. (b) Hypothetical force–indentation curve
showing the loading and unloading phases. During loading, the AFM cantilever snaps in to contact with the specimen. During unloading,
the cantilever snaps out of contact at the pull-off force, Ppo.
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a3 ¼ 3R
4E
Pþ 3pGRþ 6pGRPþ 3pGRð Þ2
h i1=2 
:
ð5Þ
A typical force–indentation curve for a JKR experiment
is shown in Fig. 1(b). The force marked Ppo on the curve is
called the pull-off force, and, in a load-controlled system,
it is related to the energy release rate at pull-off G through
the equation23
Ppo ¼ 32 pGR : ð6Þ
A displacement-controlled experiment is more stable,
and pull-off occurs at a smaller contact radius and pull-
off force23:
Ppo ¼ 56 pGR : ð7Þ
An often overlooked assumption made when applying
the Hertz theory to nanoindentation experiments is that
the radius of contact is small. For larger contact radii, the
solution of a spherical punch24 may be considered as well.
Maugis25 considered this fact by applying the JKR model
to the spherical punch solution and showed that when the
dimensionless parameter,
m ¼ 4RE=3pGð Þ1=3 ; ð8Þ
approaches a value of 10, the JKR theory with the Hertz
approximation is valid.
III. MATERIALS AND METHODS
Nanoindentation experiments were performed on
RTV615A silicone rubber (GE Silicones, Waterford,
NY) mixed with RTV615B curing agent at a 10:1 ratio
by weight. The specimen thickness was approximately
1 mm, which was about two orders of magnitude larger
than the indentation depth; thus, the JKR assumption of
an inﬁnite half space was justiﬁed. Experiments were
performed using an MFP-3D-BIO AFM (Asylum Re-
search, Santa Barbara, CA). The AFM cantilevers used
were made of silicon with a nominal spring stiffness of
0.6 N/m with 5-lm glass spheres (Novascan Technolo-
gies, Ames, IA) attached to their tips. The AFM cantilever
stiffness was calibrated to be 0.642 N/m using the thermal
tune method,9 which was built into the MFP-3D software.
The nanoindentation experiments with the AFM used
the software’s force–distance mode. The scanner trav-
eled a distance of 3 lm, and the maximum cantilever
deﬂection during contact was set to 300 nm to prevent
excessive cantilever bending. Multiple force curves were
recorded at scan rates of 0.06, 0.60, and 6.00 lm/s. All
force curves collected demonstrated a high level of
repeatability, suggesting that the material was not rate
dependent.
The raw data, given by the cantilever deﬂection and
scanner position, was converted to force and indentation
depth by multiplying the cantilever deﬂection by the
spring stiffness and taking the difference of the scanner
position and the cantilever deﬂection. Then the curves
were ﬁt to the JKR equations [Eqs. (3)–(5)] with the
reduced modulus E* left as an unknown. However, this
calculation assumed that there was no indentation upon
contact. As discussed previously, this assumption may not
be true due to surface forces and long-range attractive
forces. To accurately identify the contact point, a least-
square ﬁtting procedure was used with a shift in the
indentation data h0 as an unknown. Leaving the value of h0
as an unknown in the ﬁtting procedurewas themost accurate
way of determining this shift.13 As previously mentioned,
the energy release rate could change during the experiment,
so the value of work of adhesion determined from the pull-
off force could not be used for energy release rate in the
ﬁtting. Therefore, the energy release rate G was also left as
an unknown in the ﬁtting. To solve for E*, h0, and G
simultaneously, a least-square error-minimization algorithm
was written in Matlab (MathWorks, Natick, MA), which
minimizes the mean-square difference between the load
values measured experimentally and calculated using the
JKR theory. To test the robustness of the error-minimization
algorithm, studies were performed using the minimization
algorithm with noise introduced into the data and with
changes in initial guesses. It was found that the solutions of
the minimization algorithm were unique, indicating the
robustness of the algorithm to different experimental con-
ditions.
A displacement-controlled uniaxial tension experiment
was conducted to independently verify the value of re-
duced modulus obtained in the nanoindentation experi-
ments. In the tension experiment, a portion of the PDMS
specimen used in nanoindentation was cut to a test size
of 18 mm  3 mm  1 mm. A M410‐2S motorized
translation stage (Physik Instrumente, Irvine, CA) de-
formed the specimen to a true strain of approximately
18%, and a 500-g load cell (LCFA-500g; Omega Engi-
neering, Stamford, CT) measured the load. Horizontal
lines were drawn on the specimen, and images of the
specimen were captured at strain increments of approxi-
mately 2% with a digital camera with a 12-mm lens. The
relative motion between the horizontal lines was used to
determine the strain in the specimen to an accuracy of
about 0.5%. The results from the uniaxial tension exper-
iment showed that specimens were linear throughout the
range of strains tested with a Young’s modulus of 0.896
0.04MPa. Poisson’s ratio was measured to be 0.476 0.02
using the same tension experiment setup with a specimen
size of 20 mm  15 mm  1 mm.
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IV. RESULTS
Nanoindentation experiments are performed using an
AFM on PDMS. It is found that the data collected at rates
of 0.06, 0.60, and 6.00 lm/s are nearly identical, in-
dicating a negligible viscoelastic (rate) effect. The force–
distance results from a loading rate of 0.60 lm/s are shown
in Fig. 2 (dotted line). It should be noted that this raw data
has not been corrected for the uncertainty in the point of
initial contact. The force–indentation depth data from
the nanoindentation experiment is ﬁt to the JKR model
[Eqs. (3)–(5)] using the error-minimization procedure
described earlier. The contact point is established by
shifting the raw data in Fig. 2 by some constant h0, where
h0 is a ﬁtting parameter of the error-minimization pro-
cedure. The force–indentation data that is shifted by this
constant is also plotted in Fig. 2 (solid line). The minimum
force in the loading curve of Fig. 2 corresponds to an
indentation depth of approximately 0.03 lm.
A qualitative evaluation of the ﬁt to the JKR model
is shown in Fig. 3. The data collected while the AFM
scanner is engaging (loading) is plotted with the ﬁt to the
data in Fig. 3(a). A comparison between the ﬁt and the data
indicates good agreement. During ﬁtting near the maxi-
mum load, some deviation between the experimental data
and the JKR model is observed, as shown in Fig. 3(a)
(inset). This deviation is likely caused by nonlinearity in
the cantilever deﬂection measurement because of large
cantilever deformation. When ﬁtting, the in-contact data
near the maximum load is cropped to avoid any errors this
nonlinearity could cause. The average value of reduced
modulus E* obtained by ﬁtting 20 sets of force–indentation
curves collected at a rate of 0.60 lm/s is 1.12 MPa with
a standard deviation of 0.01 MPa. The low standard de-
viation indicates that the data is highly repeatable, implying
that the substrate deformation remained elastic. The reduced
modulus from data collected at slower and faster rates is
found to be within 3% of the modulus found at 0.60 lm/s.
By using the value of Poisson’s ratio measured in the tensile
experiments of 0.47, Young’s modulus is calculated to be
0.87 MPa, which agrees well with the value of Young’s
modulus determined using the tensile experiment.
The data collected while the scanner is withdrawing
(unloading) is also ﬁt to the JKR model using the value of
shift h0 and reduced modulus E* found in the ﬁtting to the
loading data but a different value of energy release rate G
[Fig. 3(b)]. However, as can be seen by observing the poor
ﬁt in Fig. 3(b), the experimental data during unloading
does not match the JKR model. Especially noteworthy is
the fact that the spherical indenter stays in contact with the
PDMS specimen for a longer time than the JKR theory
predicts. The least-square ﬁtting is repeated by allowing
both the reduced modulus and the energy release rate to
change, but only minor improvement in the ﬁtting is found.
Additionally, the use of the energy release rate computed
from the pull-off force using either the load-controlled as-
sumption [Eq. (6)] or the displacement-controlled assump-
tion [Eq. (7)] does not improve the ﬁtting. To further analyze
the unloading data, the dimensionless parameter m given
in Eq. (8) is calculated to be approximately 5, which is
smaller than the required value of 10 to apply the Hertz
approximation of small displacements with the JKR the-
ory.25 Based on the analysis in Ref. 25, the use of the Hertz
approximation could lead to errors in computation of the
radius of contact of about 1% at low loads and 10% at the
maximum load. Therefore, the data is ﬁt to the spherical
punch solution with the JKR adhesion model incorpo-
rated given in Ref. 25. Again, no improvement in the
ﬁtting is found. Thus, it appears that the extended period
of contact between the indenter and the specimen
measured during unloading is not appropriate for ﬁtting
to the JKR model.
V. DISCUSSION
Previous articles have discussed the importance of
accurate determination of the contact point, and they have
suggested various methods for introducing a shift in the
data to determine the contact point.12–15 In this study,
after shifting the data by h0 by using the least-square error-
ﬁtting algorithm, the indentation depth associated with the
smallest force during loading is approximately 0.03 lm.
For more adhesive materials, the indentation depth asso-
ciated with the lowest load could be far larger than the
0.03 lm found for PDMS. Although 0.03 lm seems small,
it has been found here that because of the nonlinear nature
of the equations, the resulting value of reduced modulus
can be heavily dependent on the shift value h0. To illustrate
this point, the data is ﬁt to the JKR equations by qualitatively
selecting a value of shift to be the measured indentation that
FIG. 2. Plot of force–indentation depth data during nanoindentation
experiments on PDMS (dotted line). Because of uncertainty in the
contact point, the raw data must be shifted by the value of h0 calculated
in the JKR ﬁtting (solid line). The minimum force of the loading curve
occurs at an indentation depth of 0.03 lm. Data is collected at a scanner
rate of 0.60 lm/s.
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corresponds to the smallest force recorded during loading.
Such an estimate in the value of h0 would appear to be
justiﬁed on the basis of a qualitative inspection of Fig. 2
(solid line), which shows the contact point for the loading
phase is near to the point of minimum force. However, such
an estimate leads to a calculated value of reduced modulus
of approximately 1.59 MPa, which is 42% larger than the
computed value when the shift h0 is included as a ﬁtting
parameter. Therefore, it is recommended here that h0 be
a ﬁtting parameter in a nonlinear least-square error-ﬁtting
procedure because employing a ﬁtting parameter makes use
of as much of the experimental data as possible, which gives
the best probability for an accurate calculation of reduced
modulus.
If, instead of using an erroneous value of shift h0, an
incorrect value of energy release rate is chosen, errors are
also large. For example, if the value of energy release rate is
taken from the work of adhesion calculated using the pull-
off force with Eq. (6) and it is used to calculate the reduced
modulus, a value of 0.83 MPa is obtained, which is 26%
smaller than the calculated value using the energy release
rate as an unknown in the ﬁtting. Therefore, it appears that
the value of energy release rate, like the value of shift h0, has
a signiﬁcant effect on the ﬁtting. A more quantitative study
of the energy release rate can be performed by using the data
collected during loading and unloading to calculate the
contact radius by using Eq. (3). Then the energy release rate
is calculated during loading and unloading by using Eq. (4),
and it is plotted in Fig. 4.
An observation from the curves in Fig. 4 is that the
average value of energy release rate is different between the
data collected during the loading and unloading phases. This
hysteresis in energy release rate between loading and
unloading has been reported for other systems.19 Although
this change in energy release rate between loading and
unloading is observed for data collected at all three rates, it is
slightly smaller for the slower rates than for the faster rates,
indicating a slight rate dependence of adhesion. However,
during the individual loading and unloading phases, the
change in energy release rate is less than 610% from the
mean value, indicating that the use of a constant value of
energy release rate is reasonable.
Because rate has been shown to affect energy release
rate of soft materials,20 it is possible that a nonconstant
rate of growth of the contact radius could have an effect on
the energy release rate. Therefore, the contact radius
growth rate da/dt is calculated. In principle, da/dt could
be calculated by differentiating either Eq. (3) or Eq. (5)
with respect to time. However, since G is calculated from
the measured data for h and P, Eq. (5) is likely to be less
accurate than Eq. (3). Thus, Eq. (3) is differentiated in time
and rearranged,
da
dt
¼ 2a
3R
 P
2Ea2
 1 dh
dt
 1
2Ea
dP
dt
 
: ð9Þ
Both dh/dt and dP/dt are calculated numerically, and
a plot of da/dt is shown in Fig. 5. This plot shows that
FIG. 3. Force–indentation depth data on PDMS collected during the (a) loading and (b) unloading phases. The data is ﬁt to the JKRmodel, shown by
the dotted lines. The inset of (a) demonstrates a nonlinearity in the data at maximum force that must be cropped out when ﬁtting to the JKRmodel. The
data plotted here is down-sampled for clarity. Data is collected at a scanner rate of 0.60 lm/s.
FIG. 4. Energy release rate G computed from data collected in a nano-
indentation experiment on PDMS. Data is collected at a scanner rate of
0.60 lm/s.
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indeed the change in contact radius is not constant in time.
However, it is noted that there does not appear to be any
correlation between energy release rate and rate of change
of contact radius with time.
The data in Fig. 5 also shows a very high value of da/dt
at the start of the loading portion of the nanoindentation
experiment. This high value indicates a transient regime,
wherein a steady state has not yet been reached, violating
the quasistatic assumption in the JKRmodel. Therefore, this
transient data should be excluded during the initial ﬁtting of
the data. This observation provides a new objective way to
determine which data should be used when ﬁtting nano-
indentation data to any quasistatic model, including the JKR
model. In this paper, all quantities resulting from ﬁtting the
loading data to the JKR model used data that excludes this
transient regime by removing data where the calculated
value of da/dt is more than 50% larger than the average
value of da/dt when steady state is achieved.
In the results section, emphasis is placed on the use of
the data collected while engaging to accurately calculate
the reduced modulus. Traditional nanoindentation experi-
ments use the stiffness during unloading of the nano-
indenter tip because of plasticity that can be introduced
while loading. Here, it has been found that the nano-
indentation experiments are highly repeatable, indicating
that deformations of the PDMS are elastic. As a result,
there is no reason that the data collected while engaging
should not be used for calculation of the reduced mod-
ulus. However, this study has shown that when using an
AFM, the data collected during unloading should not be
used for calculation of reduced modulus because the
unloading data does not ﬁt to the force–distance relation-
ship given by the JKR theory. Although rate of change of
contact radius with time and changes in energy release rate
could cause this poor ﬁtting, Figs. 4 and 5 show that rate of
change of contact radius with time and changes in energy
release rate do not vary much more during the unloading
phase than they vary during the loading phase. Therefore,
it is unlikely that changes in rate of change of contact
radius with time and changes in energy release rate are
causing the poor ﬁt to the JKR model.
A more likely cause for the inability to ﬁt the unloading
data to the JKR model comes from the compliance in-
troduced into the system through the AFM cantilever. Tra-
ditional JKR experiments use the load-controlled model
to compute the pull-off force. However, the actual exper-
iment controls the displacement of a ﬂexible cantilever;
thus, the experiment is neither load controlled nor displace-
ment controlled. Violation of the assumption of load control
creates a more stable system than the JKR equations
describe, which increases the amount of time that the tip
and specimen are in contact during unloading. This hy-
pothesis of increased stability caused by the stiffness of
the system is supported by the data collected during the
unloading phase plotted in Fig. 3(b), which shows that the
tip and specimen remain in contact for a longer time than
the JKR model predicts.
To quantitatively analyze the system stability, consider
the reduction in contact radius during the unloading phase
as the propagation of a crack with length c, where c is given
by c 5 amax  a, with amax equal to the maximum contact
radius. In fracture mechanics, the stability of the system is
related to the change in energy release rate with crack length,
dG/dc. A larger change in energy release rate with crack
length indicates a less stable system, and if one assumes that
the work of adhesion is constant, the point of instability
occurs when the derivative dG/dc becomes positive. By
taking into account the stiffness of the cantilever used in this
study, dG/dc is calculated (see appendix for details) and
plotted in Fig. 6. dG/dc for a load-controlled assumption,
corresponding to Eq. (6), is also shown in Fig. 6. As the
curves in Fig. 6 show, dG/dc assuming load control is
greater than dG/dc computed for the actual experiment.
Moreover, under the assumption of load control, the value of
dG/dc reaches zero at an indentation depth of approximately
0.1 lm, indicating the onset of unstable fracture at the
same point that Eq. (6) predicts pull-off from the surface.
However, the value of dG/dc calculated from the experi-
mental data is still negative at a depth of0.1 lm, indicating
the fracture process is still stable.
One ﬁnal observation about the data collected during
the unloading phase is that the force increases slightly
just before pull-off. This behavior is observed for data
collected at all three rates and is plotted in Fig. 7 for data
collected at a scanner rate of 0.60 lm/s. It can be shown
that for a system in equilibrium, the derivative of force
with respect to indentation depth is related to the system
compliance by the equation23
dP
dh
¼ k ; ð10ÞFIG. 5. Rate of change of contact radius da/dt calculated from data
recorded in a nanoindentation experiment on PDMS. Data is collected at
a scanner rate of 0.60 lm/s.
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where k is the stiffness of the system, which in this
experiment is equal to the AFM cantilever stiffness. The
value of dP/dh calculated from the data collected at all
three rates is found to be very repeatable with a mean of
0.635 N/m and a standard deviation of 0.007 N/m. After
applying Eq. (10), the value of k calculated using dP/dh is
within 1% of the value of cantilever stiffness measured
using the thermal tune method. The fact that Eq. (10) holds
provides further evidence that the stability of the AFM
causes a lack of ﬁtting between the JKR model and the
experimental data collected during the unloading phase.
Furthermore, since Eq. (10) requires that the system
remains in equilibrium and it is shown here that Eq. (10)
holds for data collected at rates over three orders of
magnitude, it can be concluded that the system remains
in equilibrium during the indentation experiment.
VI. CONCLUSIONS
Despite the high force resolution of the AFM, several
difﬁculties—mostly caused by adhesion—prevent the
AFM from being more commonly used for nanoindenta-
tion of soft and biological materials to obtain reliable
reduced modulus measurements. In this paper, a new
methodology is provided for the accurate determination of
the reduced modulus of soft materials such as PDMS using
an error-minimization algorithm with the JKR model by
making the following observations:
(i) The calculated value of modulus is heavily de-
pendent on the contact point; therefore, it is necessary to
introduce a constant shift in the indentation data. This shift
can be determined by ﬁtting the data to the JKR model.
(ii) The mean value of energy release rate changes
between the loading and the unloading phases. Thus, the
energy release rate cannot be determined from the work of
adhesion measured by the pull-off force, and it must be left
as a ﬁtting parameter in the JKR model.
(iii) Upon initial contact between the AFM tip and the
specimen, there is a transient period wherein the change in
radius of contact with time is large. To avoid violating the
JKR model’s quasistatic assumption, the transient data
must be excluded from the JKR ﬁtting.
(iv) It is noted that the data collected during unloading
of the AFM cantilever from the specimen does not ﬁt the
JKR theory. This observation is caused by the stiffness
introduced by the AFM cantilever. To better ﬁt the data
collected during the unloading phase, a more compliant
AFM cantilever could be used. However, a more compli-
ant cantilever is more likely to deform into a nonlinear
regime. Therefore, use of a more compliant cantilever is
not recommended here.
(v) Finally, it is demonstrated that the AFM spring
stiffness is directly related to the slope of the force–
indentation curve at pull-off through Eq. (10). This
observation indicates that the system is in equilibrium
during the nanoindentation experiments.
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APPENDIX
As mentioned in the discussion section, the derivative
dG/dc is related to the stability of the system. Here, dG/dc
is calculated by taking into account the compliance
introduced by the AFM cantilever. It can be shown26 that
for a system with ﬁnite compliance,
dG
dc
¼ @G
@c
 
P
 @G
@P
 
c
@h
@c
 
P
Cm þ @hdP
 
c
 	1
;
ðA1Þ
where c is the crack or debond length, Cm is the
compliance introduced by the AFM cantilever,
Cm ¼ 1=k, and k is the cantilever’s spring constant. These
derivatives can be calculated from the equations given by
Maugis23:
@G
@A
 
P
¼ 3 P
2
1  P2

 
16a5E
; ðA2Þ
@G
@P
 
c
¼ P P1
4pa3E
; ðA3Þ
where P1 ¼ 4a3E=3R. By the chain rule,
@G
@A
 
P
¼ @G
@c
 
P
@c
@a
 
P
@a
@A
 
P
; ðA4Þ
where @c=@að ÞP¼ 1 and @a=@Að ÞP¼ 2pað Þ1. Finally,
the derivatives of indentation depth are calculated,
@h
@c
 
P
¼ @h
@a
 
P
@c
@a
 
P
¼  @h
@a
 
P
¼  2a
3R
þ P
2a2E
;
ðA5Þ
@h
dP
 
c
¼ 1
2aE
: ðA6Þ
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Combining the above equations together gives the
equation for dG/dc for the system. To calculate
dG/dc using the JKR model, one assumes a load-
controlled system. The stability equation for load control
is given by
@G
@c
 
JKR
¼ @G
@c
 
P
; ðA7Þ
which can be calculated from Eq. (A4) above.
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